For high-frequency sinusoidal carriers, the threshold for detecting sinusoidal amplitude modulation increases when the signal modulation frequency increases above about 120 Hz. Using the concept of a modulation filter bank, this effect might be explained by ͑1͒ a decreasing sensitivity or greater internal noise for modulation filters with center frequencies above 120 Hz; and ͑2͒ a limited span of center frequencies of the modulation filters, the top filter being tuned to about 120 Hz. The second possibility was tested by measuring modulation masking in forward masking using an 8 kHz sinusoidal carrier. The signal modulation frequency was 80, 120, or 180 Hz and the masker modulation frequencies covered a range above and below each signal frequency. Four highly trained listeners were tested. For the 80-Hz signal, the signal threshold was usually maximal when the masker frequency equaled the signal frequency. For the 180-Hz signal, the signal threshold was maximal when the masker frequency was below the signal frequency. For the 120-Hz signal, two listeners showed the former pattern, and two showed the latter pattern. The results support the idea that the highest modulation filter has a center frequency in the range 100-120 Hz.
I. INTRODUCTION
The perception of amplitude modulation ͑AM͒ has been proposed to depend on an array of modulation filters ͑Kay, 1982; Dau et al., 1997a . It is assumed that the envelopes of the outputs of the peripheral auditory filters are fed to a second array of overlapping bandpass filters tuned to different envelope modulation frequencies. This set of filters is usually called a modulation filter bank ͑MFB͒, and the modulation filters are assumed to be implemented at a higher level in the auditory system than the auditory nerve ͑Møller, 1972; Langner and Schreiner, 1988; Schreiner and Langner, 1988; Joris and Yin, 1992͒ . The concept of the MFB implies that the auditory system performs a spectral analysis of the envelope at the output of each auditory filter, although the putative modulation filters appear to be rather broad, with Q values ͑center frequency divided by bandwidth͒ in the range 0.35-2 ͑Ewert and Ewert et al., 2002; Moore, 2002, 2003; Verhey et al., 2003; Wojtczak and Viemeister, 2005͒. It is known that the sensitivity to AM, as measured by the temporal modulation transfer function ͑TMTF͒, decreases with increasing modulation frequency. For highfrequency sinusoidal carriers, the TMTF rolls off above about 120 Hz ͑Kohlrausch et al., 2000; Moore and Glasberg, 2001; Füllgrabe and Lorenzi, 2003͒ , while for broadband noise carriers the roll off occurs at a somewhat lower frequency ͑Viemeister, 1979͒. The discrepancy has been explained in terms of the masking effect of the inherent random fluctuations in a noise carrier ͑Dau et al., 1997b͒. The decreasing sensitivity to AM with increasing modulation frequency for high-frequency sinusoidal carriers cannot be explained in terms of fluctuations in the carrier; it must reflect an intrinsic limitation of processing in the auditory system. Within the framework of the MFB concept, Dau ͑1996͒ described two ways in which this limitation might arise: ͑1͒ modulation filters tuned to high modulation frequencies ͑above about 120 Hz͒ might be less sensitive than modulation filters tuned to low modulation frequencies, either because of reduced gain or because of greater internal noise in the filters tuned to higher modulation frequencies; and ͑2͒ the center frequencies of the modulation filters may span a limited range, with a highest center frequency in the range 100-150 Hz. In the latter case, the roll off in the TMTF for high modulation frequencies would reflect the characteristic of the high-frequency side of the highest modulation filter. Dau ͑1996͒ showed that models based on either of these assumptions could account for the general form of the TMTF for high-frequency sinusoidal carriers.
Physiological data do not give a clear indication of the center frequency of the highest modulation filter, partly because of uncertainty as to the location of the putative MFB within the auditory system, and partly because of differences across species, which make extrapolation to humans difficult. Single neurons in the auditory system sometimes show lowpass response patterns as a function of the input modulation frequency, while others shows bandpass patterns ͑Joris et al., 2004͒. The bandpass pattern is more common in the inferior colliculus than in the cochlear nucleus ͑Joris et al., 2004͒. In a review, Palmer ͑1995͒ pointed out that, for those neurons showing a bandpass response pattern, the highest value of the best modulation frequency ͑BMF͒ in the cochlear nucleus of the cat ranged from 240 Hz for onset units to 700 Hz for primarylike units. In the inferior colliculus, the highest BMFs were mostly below 200 Hz in the rat and guinea pig, while in the cat BMFs were mostly below 100 Hz, although BMFs of 300-1000 Hz also occurred.
The idea that the highest modulation filter in humans is centered at a modulation frequency in the range 100-150 Hz is analogous to the idea that the auditory filters have a limited range of center frequencies. Sensitivity to very low audio frequencies ͑below about 50 Hz͒ might depend on the characteristics of the low-frequency side of the lowest auditory filter ͑Moore et al., 1997͒, while sensitivity to very high audio frequencies ͑above about 15 000 Hz͒ might depend on the characteristics of the high-frequency side of the highest auditory filter ͑Ashihara et al., 2006͒. For people with a high-frequency dead region ͑a region of the cochlea where there are no functioning inner hair cells and/or neurons͒, the highest effective auditory filter might be centered at a frequency well below 15 000 Hz ͑Moore, 2004͒. This idea has been tested by the measurement of psychophysical tuning curves ͑PTCs͒. The tip frequency of a PTC is the masker frequency at which the level of the masker required for threshold is lowest, i.e., the most effective masker frequency. Normally, the tip frequency lies very close to the signal frequency. However, if the signal frequency falls in a dead region, or falls above the center frequency of the highest auditory filter, the tip frequency of the PTC may be shifted ͑Thornton and Abbas, 1980; Buus et al., 1986; Moore et al., 2000; Moore and Alcántara, 2001; Yasin and Plack, 2005͒. This suggests that the signal is being detected using an auditory filter which is not centered at the signal frequency, and is sometimes referred to as "off-frequency listening" ͑Johnson- Davies and Patterson, 1979; O'Loughlin and Moore, 1981͒ . It is usually assumed that the tip frequency marks the boundary of the dead region or the center frequency of the highest auditory filter. The data of Buus et al. ͑1986͒ and Yasin and Plack ͑2005͒ suggest that the highest auditory filter is centered somewhat above 15 000 Hz, although the exact value probably varies across individuals and may depend on age.
Similar logic can be applied to test the idea that the modulation filters have center frequencies that span a limited range, and, if so, to estimate the center frequency of the "top" modulation filter. A relevant experiment was performed by Ewert and Dau ͑2000͒. They measured maskedthreshold patterns ͑MTPs͒ for signal modulation frequencies of 4, 16, 64, and 256 Hz using as a ͑simultaneous͒ modulation masker a 0.5-octave wide band of noise centered at various frequencies above and below the signal frequency. The carrier was a bandpass filtered Gaussian noise or low-noise noise ͑Pumplin, 1985͒. For the three lowest signal frequencies, the MTPs peaked at the signal frequency. However, for the 256 Hz signal frequency, the MTPs showed a peak at a frequency well below 256 Hz. Following Kohlrausch et al. ͑2000͒, Ewert and modeled the results by assuming that the modulation filters covered a broad range of center frequencies, but they included an additional first-order lowpass filter following the modulation filters, with a cutoff frequency of 150 Hz. This filter effectively implements the assumption that the modulation filters become less sensitive ͑have less gain͒ for modulation frequencies above 150 Hz. The model accounted well for the general form of the data, but it did not accurately predict the downward-shifted tips of the MTPs for the 256-Hz signal frequency. The discrepancy suggests that it may be more appropriate to model the results by assuming that the modulation filters have only a limited range of center frequencies, with the highest filter centered between 100 and 150 Hz.
We attempted to address this issue more definitively by exploiting the phenomenon of forward masking in the AM domain ͑Wojtczak and Viemeister, 2005͒. Forward masking was used in preference to simultaneous masking for three reasons: ͑1͒ to avoid temporal interactions between the envelopes of the masker and the signal ͑Strickland and Viemeister, 1996; Lorenzi et al., 1999͒ , which might provide cues for the detection of the signal that depend on factors other than frequency selectivity in the modulation domain; ͑2͒ to avoid distortion products in the modulation domain ͑Moore et Verhey et al., 2003; Sek and Moore, 2004; Füllgrabe et al., 2005͒ , which again might provide cues for the detection of the signal, which are not closely related to frequency selectivity in the modulation domain; and ͑3͒ to allow a greater range of modulation depths of the signal. The signal modulation depth, m, can be as great as 1 in forward masking, but has to be restricted to a smaller value in simultaneous masking to avoid overmodulation.
The carrier was a high-frequency ͑8000 Hz͒ sinusoid, chosen so as to satisfy two requirements: ͑1͒ The spectral sidebands produced by the AM would not be resolved even for the highest modulation frequency used, which was 360 Hz ͑Zwicker, 1956; Sek and Moore, 1994; Kohlrausch et al., 2000; Moore and Glasberg, 2001͒ ; ͑2͒ the carrier had no inherent amplitude fluctuations, which might mask the signal modulation. For high modulation frequencies, the range of modulation depths between the threshold for detecting the modulation and "full" ͑100%͒ modulation is rather small. This can make it difficult to measure PTCs in the modulation domain, especially when forward masking is used, since it may not be possible to make the masker modulation depth sufficient to mask the signal. To overcome this problem, we fixed the masker modulation depth and measured the threshold for detecting the signal modulation as a function of the masker modulation frequency. This was done for three signal modulation frequencies: 80, 120, and 180 Hz. These were chosen to span the range of center frequencies that have been postulated for the top modulation filter. We reasoned that if the signal modulation frequency fell below the center frequency of the top modulation filter, then the signal threshold should be maximal for a masker frequency that was equal to the signal frequency, as found by Wojtczak and Viemeister ͑2005͒ for modulation frequencies up to 80 Hz. However, if the signal modulation frequency fell above the center frequency of the top modulation filter, then the signal threshold should be maximal for a masker frequency that was below the signal frequency.
II. METHOD A. Listeners
Four listeners were tested L1, L2, and L3 were male and L4 was female. All listeners had audiometric thresholds Յ 15 dB hearing loss ͑HL͒ at octave frequencies between 0.25 and 8 kHz. Their ages ranged from 21 to 37 years ͑mean age= 26 years; standard deviation, SD= 7 years͒. Prior to data collection, all listeners received 12 h of practice during which each condition was presented between two and four times. All listeners were university students and were paid for their services.
B. Stimuli
Stimuli were digitally generated using a PC-controlled Tucker-Davis Technologies ͑TDT͒ system with a 16-bit digital-to-analog ͑DA͒ converter ͑TDT DD1, 50-kHz sampling rate͒. Following DA conversion, the signals were attenuated ͑TDT PA4͒, passed through a headphone buffer ͑TDT HB6͒, and delivered to a double-walled sound attenuating booth. Stimuli were passed through a final manual attenuator ͑Hatfield 2125͒ and presented via the left earpiece of a Sennheiser HD580 headphone. The sensation level ͑SL͒ of the unmodulated carrier was set to 60 dB, based on individually measured absolute thresholds ͑see below for details͒.
The stimuli were chosen to be similar to those of Wojtczak and Viemeister ͑2005͒, experiment 2, except that they used a broadband noise carrier while we used a sinusoidal carrier. In each trial, the 8000-Hz carrier was presented in two bursts with 20-ms raised-cosine ramps at the start and end. The bursts were separated by a 415-ms silent interval. Figure 1 illustrates the envelope of a single stimulus containing a masker and a signal. The masker modulation was applied as soon as the carrier was turned on, with a modulation depth, m, equal to 1 ͑100% modulation͒. The masker modulation started at a phase of 270°, i.e., at its most negative value, so that the carrier amplitude at the onset was zero. The masker modulation continued for approximately 500 ms and was turned off at a positive-going zero crossing ͑0°phase͒. The exact duration of the masker modulation was determined as follows. The masker period in milliseconds, P m , was divided into 500. The result was rounded to the nearest integer, denoted N. The duration of the modulation masker was then set to ͑N ϫ P m ͒ + 0.25P m .
Following the end of the masker modulation, the carrier was unmodulated for 40 ms ͑indicated by t d in the figure͒, and then the signal modulation ͑with adjustable m͒ was applied for 50 ms ͑indicated by t s in the figure͒, starting and ending at positive-going zero crossings. The carrier continued for 60 ms after the end of the signal modulation ͑indi-cated by t f in the figure͒, with an unmodulated portion of 40 ms followed by a 20-ms ramp. In a nonsignal interval, the signal modulation depth was set to zero, but the modulation pattern was otherwise identical. To measure the "absolute" threshold for detecting the signal modulation, the masker modulation depth was set to zero, but the stimuli were otherwise the same.
The transition from masker modulation to no modulation, signal modulation, and no modulation was chosen to occur at zero crossings in the modulation waveforms, to reduce spectral splatter in the modulation domain ͑Sek and Moore, 2002͒. While some splatter would have occurred, the side lobes produced by the splatter were at least 20 dB lower in level than the main lobe at the primary modulator frequencies. Given the broad tuning of the modulation filters, it seems unlikely that the splatter had a material influence on the results.
Three signal modulation frequencies were used: 80, 120, and 180 Hz. These frequencies were such that the 50-ms signal duration contained an integer number of signal cycles. For the signal frequency of 80 Hz, the masker frequencies were 20, 28, 40, 57, 80, 113, 160, 226 , and 320 Hz. For the signal frequency of 120 Hz, the masker frequencies were 30, 42, 60, 85, 120, 170, 240 , and 339 Hz. Finally, for the signal frequency of 180 Hz, the masker frequencies were 45, 64, 90, 127, 180, 255 , and 360 Hz.
C. Procedure
A two-interval, two-alternative forced-choice procedure was used. In each trial, two bursts of the carrier were presented. Observation intervals were marked by lights on the response box. Both bursts contained the masker modulation, but only one burst, selected randomly, contained the signal modulation. The listener was required to indicate the interval containing the signal modulation by pressing one of two buttons ͑labeled "1" and "2"͒ on a response box. Visual feedback was provided after each trial. The next trial was initiated 500 ms after the listener pressed the button. A threedown, one-up rule was used to estimate the value of the signal modulation depth necessary for 79.4%-correct detection. The signal modulation depth at the start of a run was chosen to be about 8 dB ͑in terms of 20 log 10 m͒ greater than the estimated threshold ͑as determined during training runs͒, so to make the signal easy to detect. When this was not possible, the starting modulation depth was set to 0 dB ͑m =1͒. The initial step size was 4 dB. The step size was reduced to 2 dB after two reversals and to 1 dB after two more reversals. A run was terminated after 12 reversals, and the mean value of 20 log 10 m at the last eight reversal points was taken as the threshold estimate. When the SD of the values of 20 log 10 m at the last eight reversal points was Ն3 dB, the results for that run were discarded and an extra run was performed. For each listener and condition, at least four valid threshold estimates were obtained. An additional estimate was obtained when one of the estimates was more than 3 dB away from the mean threshold, or when the SD across estimates for a given condition was Ն3 dB. For each signal modulation frequency, the threshold for detecting the signal in the absence of a masker was also estimated, using the same method.
Absolute thresholds for detecting the unmodulated carrier were estimated using a similar procedure ͑except that the carrier was present in only one of the two observation intervals in a trial͒. These absolute thresholds were used to set the carrier level to 60 dB SL for each listener.
III. RESULTS
The pattern of results obtained during training was generally similar to the pattern obtained in the experiment proper, except that performance did tend to improve during training, so the masked thresholds were lower for the experiment proper than during training. Figure 2 shows the individual results for the experiment proper. Figure 3 shows the mean results across listeners. The signal modulation depth at masked threshold, expressed as 20 log 10 m, is plotted as a function of the masker frequency. Each symbol denotes a different signal frequency. The filled symbols indicate conditions where the masker frequency was equal to the signal frequency. The horizontal lines indicate signal thresholds in the absence of a modulation masker, i.e., absolute thresholds for modulation detection. As expected ͑Kohlrausch et al., 2000͒, the absolute signal threshold was consistently higher for the 180-Hz signal frequency than for the two lower signal frequencies. For listeners L2 and L4, the absolute threshold was slightly higher for the 120-Hz signal than for the 80-Hz signal, while for listeners L1 and L3, absolute thresholds were similar for these two signal frequencies.
Consistent with the results of Wojtczak and Viemeister ͑2005͒, who used signal frequencies up to 80 Hz, the masking patterns showed tuning in the modulation domain. For the 80-Hz signal frequency ͑squares͒, the signal threshold was highest when the masker frequency equaled the signal frequency, for all listeners except L3; for the latter, the signal threshold was slightly higher for the 57-Hz masker than for the 80-Hz masker. For the mean data, the signal threshold was clearly highest for the 80-Hz masker frequency. A similar pattern of results was found by Wojtczak and Viemeister ͑2005͒ for a signal modulation frequency of 80 Hz. The masked thresholds found here were also similar to those reported by Wojtczak and Viemeister ͑2005͒. However, our absolute thresholds for modulation detection were slightly lower ͑better͒ than obtained by Wojtczak and Viemeister ͑2005͒, probably because they used a noise carrier while we used a sinusoidal carrier.
For the 120-Hz signal frequency ͑circles͒, the signal threshold was highest when the masker frequency equaled the signal frequency for L1 and L3, but was highest when the masker frequency was below the signal frequency for L2 and L4. For the mean data, the signal threshold was almost the same for the masker frequencies of 85 and 120 Hz. For the 180-Hz signal frequency ͑triangles͒, the signal threshold was highest when the masker frequency was below the signal frequency for all four listeners. The signal threshold was highest for masker frequencies of 127, 90, 127, and 64 Hz for L1, L2, L3, and L4, respectively ͑although the masking pattern for L4 showed a rather broad maximum͒. For the mean data, the signal threshold was highest ͑and almost the same͒ for the masker frequencies of 90 and 127 Hz.
To quantify the sharpness of the masking patterns, and to quantify the shifts in the peaks of the patterns relative to the signal frequency, we fitted the data with second-order Butterworth bandpass filters, as was done by Wojtczak and Viemeister ͑2005͒. Such filters are symmetrical on a logarithmic frequency scale. Wojtczak and Viemeister ͑2005͒ constrained the center frequency of each fitted filter to be equal to the signal frequency, and they adjusted the ratio between the upper and lower cutoff frequencies to minimize the rootmean-square ͑rms͒ difference between the data and the fitted filter. In contrast, we chose the upper and lower cutoff frequencies for each filter as independent free parameters. The outcomes for the individual data and for the mean data across listeners are shown in Table I . The mean data and the filters that gave the best fit to the mean data are shown in Fig. 4 . In this figure, the data have been normalized so that the highest measured signal threshold falls at 0 dB, and the tip of each fitted filter also falls at 0 dB.
The rms errors ͑column 3 of Table I͒ were generally somewhat smaller than found by Wojtczak and Viemeister ͑2005͒. The center frequencies of the fitted filters ͑column 4 of Table I͒ were slightly below the signal frequency for all signal frequencies, but the discrepancy was much more marked for the 180-Hz signal frequency than for the 80-Hz signal frequency. For the 180-Hz signal frequency, the center frequency of the fitted filter ranged from 117 to 127 Hz across listeners. The ratio ͑signal frequency͒/͑center frequency͒, shown in the fifth column of Table I , increased markedly with increasing signal frequency. A one-way within-subjects analysis of variance on the ratios showed a significant effect of signal frequency; F͑2,9͒ = 34.3, p Ͻ 0.001.
When the center frequency of each fitted filter was constrained to equal the signal frequency, the rms error of the fit to the mean data increased slightly ͑from 1.48 to 1.69 dB͒ for the signal frequency of 80 Hz, but, based on a varianceratio test, the increase was not significant; F͑8,8͒ = 1.3, p Ͼ 0.05. For the 120-Hz signal frequency, the increase ͑from 0.68 to 2.73 dB͒ was larger and was significant; F͑7,7͒ = 16.1, p Ͻ 0.001. For the 180-Hz signal frequency, the increase ͑from 0.24 to 3.98 dB͒ was larger still and was significant; F͑6,6͒ = 275.0, p Ͻ 0.001. Thus, for the signal frequencies of 120 and 180 Hz, the best fit to the data was clearly obtained using filters that were centered below the respective signal frequencies.
The Q values of the fitted filters ͑center frequency divided by bandwidth at the 3-dB down point, sixth column of Table I͒ ranged from 0.4 to 2.74. For the mean data, the Q values for the two lower signal frequencies were close to 1. These Q values are broadly consistent with previous estimates of the sharpness of the modulation filters ͑Ewert and Ewert et al., 2002; Moore, 2002, 2003; Verhey et al., 2003͒, but they are larger than the Q values reported by Wojtczak and Viemeister ͑2005͒. However, Wojtczak and Viemeister ͑2005͒ acknowledged that their fitted filters were "clearly too broad near the peak."
Overall, these results are consistent with the idea that the modulation filters have center frequencies that span a limited range, and that the top modulation filter has a center frequency below 180 Hz. The center frequency of the top filter appears to be about 100-120 Hz and may vary somewhat across listeners. If this interpretation is correct, then the slope of the TMTF for modulation frequencies above about 120 Hz should be determined by the slope of the highfrequency side of the top modulation filter. This latter slope can be estimated from the high-frequency sides of the curves in Figs. 2 and 3 , for signal frequencies of 120 and 180 Hz. For the mean data, the slope is about −5 dB/ oct ͑measured between 170 and 339 Hz for the 120-Hz signal frequency, and between 180 and 360 Hz for the 180-Hz signal frequency͒. This slope is very similar to the slopes of the TMTFs for 8-and 10-kHz sinusoidal carriers, as measured over the same range of modulation frequencies by Kohl-TABLE I. Results of fitting second-order Butterworth filters to the individual and mean data. The columns show, from left to right, the listener, the signal frequency, the rms error in decibels, the center frequency of the bestfitting filter, the ratio ͑signal frequency/center frequency͒, and the Q value of the best-fitting filter. rausch et al. ͑2000͒. Thus, this aspect of the data is also consistent with the idea that the modulation filters have center frequencies that span a limited range, and that the top modulation filter has a center frequency of about 100-120 Hz. The data are not consistent with the idea that the modulation filters have center frequencies that span a broad range ͑including frequencies above 150 Hz͒, but are followed by a lowpass filter with a cutoff frequency of 150 Hz, as proposed by Ewert and Dau ͑2000͒. If that were the case, one would expect the signal threshold always to be maximal when the masker frequency equaled the signal frequency, but this did not happen for the highest signal frequency.
Some caution is needed in interpreting the data, as it is possible that the results were influenced by nonsensory factors. The highly modulated maskers may have led to attention being distracted from the signals, which had a barely detectable modulation depth. The magnitude of this effect would depend on the salience of the masker modulation, and this would tend to decrease as the masker modulation frequency increased above about 120 Hz. This could account for some of the asymmetry in the measured masking patterns for the signal modulation frequencies of 120 and 180 Hz. However, the temporal pattern of the stimuli was chosen so as to minimize any possible confusion of the masker and signal; there was a 40-ms unmodulated portion of the carrier between the masker and the signal. Also, our subjects were highly trained, so it seems doubtful that they would focus their attention on the masker rather than on the signal. Overall, while we cannot rule out a role of nonsensory factors, we feel that the distinct shifts in the peaks of the masking patterns found for the highest signal frequency are most readily explained using the concept that there are no modulation filters with center frequencies above about 120 Hz.
IV. CONCLUSIONS
Consistent with earlier results for signal frequencies up to 80 Hz ͑Wojtczak and Viemeister, 2005͒, modulation masking patterns obtained in forward masking showed tuning in the modulation domain for signal frequencies of 80, 120, and 180 Hz. The Q values, estimated using secondorder Butterworth filters fitted to the data, were typically about 1.
For the 80-Hz signal frequency, the signal threshold was maximal when the masker frequency equaled the signal frequency for three of the four highly trained listeners. For the 180-Hz signal, the signal threshold was maximal when the masker frequency was below the signal frequency, for all listeners. For the 120-Hz signal, two listeners showed the former pattern, and two showed the latter pattern.
The center frequencies of second-order Butterworth filters fitted to the data were close to the signal frequency for the signal frequency of 80 Hz, but were significantly below the signal frequency for the signal frequencies of 120 and 180 Hz.
The results support the idea that the modulation filters span a limited range of center frequencies, and that the highest modulation filter has a center frequency of about 100-120 Hz, depending somewhat on the listener.
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